Recent research has demonstrated an association between the airborne nanoparticles (particles with diameters below 300 nm, which represent the majority of particle number concentrations, PNCs) and adverse effects on human health (Bakand et al., 2012) and urban visibility (Stjern et al., 2011) . Airborne nanoparticles also influence the optical properties of coarse particles by depositing on their surfaces due to coagulation and thereby contributing to global radiation balance (Buseck and Adachi, 2008) . These adverse effects call for the need to control the emissions of nanoparticles, both at the source and the receptor (Kumar et al., 2011a) . Emission mitigation measures in the form of technological improvements, reduction in fuel sulphur content and the Euro 5 and Euro 6 vehicle emission standards (EC, 2008) have reduced the nanoparticle emissions from the vehicles in Europe (Jones et al., 2012) . In Europe, road transport emissions contributed over 60% of the total particle number emissions in 2010 and this contribution can be up to 90% along the roadsides in polluted urban environments (Kumar et al., 2010) . The assessment of the mitigation potential of the near-road vegetation barriers is therefore important to understand their effectiveness in reducing the exposure of roadside footpath dwellers.
INTRODUCTION
Recent research has demonstrated an association between the airborne nanoparticles (particles with diameters below 300 nm, which represent the majority of particle number concentrations, PNCs) and adverse effects on human health (Bakand et al., 2012) and urban visibility (Stjern et al., 2011) . Airborne nanoparticles also influence the optical properties of coarse particles by depositing on their surfaces due to coagulation and thereby contributing to global radiation balance (Buseck and Adachi, 2008) . These adverse effects call for the need to control the emissions of nanoparticles, both at the source and the receptor (Kumar et al., 2011a) . Emission mitigation measures in the form of technological improvements, reduction in fuel sulphur content and the Euro 5 and Euro 6 vehicle emission standards (EC, 2008) have reduced the nanoparticle emissions from the vehicles in Europe (Jones et al., 2012) . In Europe, road transport emissions contributed over 60% of the total particle number emissions in 2010 and this contribution can be up to 90% along the roadsides in polluted urban environments (Kumar et al., 2010) . The assessment of the mitigation potential of the near-road vegetation barriers is therefore important to understand their effectiveness in reducing the exposure of roadside footpath dwellers.
Vegetation barriers along the heavy traffic roadsides can also reduce the traffic-induced pollution from reaching the receptors such as roadside pedestrians. Recent studies have, however, suggested that the presence of vegetation in street canyons can enhance the pollutant concentrations by obstructing the flow and trapping the pollutants (Vos et al., 2013) .
In terms of busy roadsides in open areas, vegetation barriers have been found to be beneficial in improving the near-road air quality (Heist et al., 2009; Baldauf et al., 2011) . These have been reported to reduce the pollutant concentrations due to enhanced turbulence and initial mixing/dilution (Bowker et al., 2007) and deposition of particles on tree leaves and bark (AdabtOakland, 2013) . As highlighted by Baldauf et al. (2011) , detailed investigations are needed in order to understand the effectiveness of vegetation barriers under a number of factors such as their long-term assessment during varying meteorological and vegetation state conditions, interactions with traffic-induced pollution, and effectiveness under varying traffic emission and road configuration. The case for nanoparticles is even less encouraging since the efficiency of vegetation barriers in removing them is nearly unknown, and comprehensive modelling and field studies for optimising their design are therefore needed (Baldauf et al., 2013) .
A few monitoring and modelling studies have investigated the influence of roadside barriers on various types of pollutants, but studies referring to PNC are, so far, rare (see summary of relevant studies in Table 1 ). For instance, field measurements by Baldauf et al. (2008) assessed the impact of noise barrier (with and without the vegetation) on air quality near a busy highway in Raleigh, North Carolina. They found an average reduction of 20% in PNCs behind the noise barrier compared to what was measured in open field without the noise barrier. This work also found that the combination of noise and vegetation barriers reduced the PNCs more efficiently than the noise barrier alone. Likewise, Hagler et al. (2012) studied the effect of both the brick-made noise barrier and vegetation barrier on the PNCs. They found that the PNC measured at 10 m from the road were ~50% lower behind the brick noise wall relative to a nearby location without a barrier. The effect of vegetation barrier on the PNC was, however, found to be inconclusive. Maher et al. (2013) studied the effect of outdoor tree lines on indoor concentrations of PM 10 , PM 2.5 and PM 1 (particulate matter with cut-off aerodynamic diameter less than 10, 2.5 and 1 µm, respectively). They found that screening of the houses by the tree lines reduces more than 50% of particulate matter inside the houses. The SEM (Scanning Electron Micrographs) analysis of the tree leafs showed that over 60% of the particles deposited were in nano-size range. Furthermore, Brantley et al. (2014) studied the effect of vegetation barrier on near-road black carbon and particles in the size range of 500 to 10000 nm under varying wind directions. They reported up to 22% reduction in black carbon concentrations behind the vegetation barrier but no such reductions in PNCs were noted. Bowker et al. (2007) modelled results against the field measurements collected by Hagler et al. (2012) and reported that the model over-predicts the PNCs for particles below 50 nm in diameter, while an adequate agreement was seen for particles greater than 50 nm in diameter.
Some numerical and physical modelling studies have focused on the effect of different types of vegetation on the PNC removal. For example, Lin and Khlystov (2011) reported removal efficiency of ultrafine particles (particle diameter smaller than 100 nm) using pine and juniper branches in a wind tunnel facility. They found removal efficiency of ultrafine particles directly proportional to the packing density, but inversely proportional to particle size and wind speed. Their latter work proposed an analytical model based on the measured removal efficiency. Their modelled results of the branches collection efficiency were within 20% of those measured during wind tunnel measurements for a wind velocity range of 0.3-1.5 m s -1 . A few studies have also studied the dry deposition velocity at different type of tree leaves. For instance, Petroff et al. (2008) proposed aerosol dry deposition model for vegetation. They concluded that the deposition of particles less than 80 nm is controlled by Brownian diffusion, while the deposition of larger particles is determined by interception and inertial impaction. Later, Hwang et al. (2011) studied five different types of vegetation in a deposition chamber. They reported higher deposition velocity of submicron (particle diameter <1 µm) and ultrafine particles for needle leaf trees compared with those for broad leaf trees. They also found that the surface roughness of tree leaves influenced the deposition efficiency strongly.
A limited number of modelling studies have examined the influence of vegetation barriers on the dispersion of traffic-produced PNC in various size ranges, and field investigations on this topic are even rarer (see Table 1 ). Our study experimentally investigates the effect of vegetation barrier on freshly emitted nanoparticles from the road traffic. The fraction of the inhaled particles deposited in the human respiratory tract (sum of alveolar, tracheobronchial and extrathoracic regions), which are referred to as respiratory deposited doses (RDD; see Section 2.5), is also determined for the three prevalent wind directions observed during the Kumar et al. (2010) . Secondly, a purposely designed solenoid system was used to measure PNC at four sampling locations pseudo-simultaneously -these locations encompassed through the vegetation barrier and allowed us to make novel comparisons. Thirdly, most of the published work has focused on numerical or physical modelling of particles near the roadside barriers (see Table 1 ), but our experimental setup allowed capturing of the penetration of particles through the vegetation barrier. Finally, our fast response sequential measurements of the size-resolved PNDs at the sides and in-between the vegetation barrier (see Section 2.1) are among the first field measurements of this kind,
representing absolute values of both the PNDs and PNCs. These data can assist in understanding their mitigation potential and facilitate performance evaluation of theoretical models. site. Given that the measurements were taken within few meters of the roadside (see Figure   1 ), road traffic is the main source of nanoparticles at the sampling site. The average traffic volume during the measurement periods varied between 6000 and 6600 veh h -1 . Cars dominated the traffic fleet since these had ~97% share of the total traffic volume. Further details of the daily traffic statistics can be seen in Table 2 . 
As seen in Figure 
Instrumentation
The experimental setup is comprised of a DMS50 and a fully automated solenoid switching system -both these were connected to three 12V leisure batteries and laptop (see Figure 1 ). The DMS50 is essentially the same as its parent version, DMS500 (Kumar et al., 2008a ), but has a unique capability to run on batteries making it suitable for portable measurements where power supply is unavailable. The DMS50 measures size-resolved particles in the 5-560 nm size range through the 34 size bins. The instrument is capable to collect data at a 10 Hz sampling rate, with time response (T 10-90% as 500 milliseconds).
Another essential feature of the DMS50 is its ability to work at close to atmospheric pressure and eliminate the use of an external vacuum pump. The DMS50 works on electrical mobility detection technique to classify the particles in various size ranges. As air is drawn from the ambient environment by the suction pump of the DMS50 and exposed to unipolar diffusion charger, a positive charge is placed on each particle, depending on their surface area. These positively charged particles then lands on electrometer detectors, depending on their charge, and thus the particle number and size distributions are calculated according to measured charge on each particle (see details in Kumar et al., 2010) . The DMS50 has been successfully deployed in a broad variety of our previous work, involving indoor measurements , outdoor measurements in vehicle wakes (Carpentieri and Kumar, 2011) and car cabin measurements (Joodatnia et al., 2013a, b) .
A short length (0.50 m) of conductive silicone tube was used to connect the DMS50 with the switching system. The similar types of 3.50 m long tubes were connected to the 4-way solenoid switching system to reach to the four designated sampling locations ( Figure 1 ). The switching system is capable of automatically switching the sample flow between a maximum of four measurement points, providing pseudo-simultaneous measurements, with selectable switching times. This DC-powered solenoid switching system was firstly designed and used by Kumar et al. (2008b) . This system was recently modified to make it fully automatic and controllable by the computer before using in our recent studies (Joodatnia et al., 2013a, b) .
A Panasonic HC-V500 video camera was used to collect traffic data in order to correlate the traffic density with the PNCs during the sampling periods. These videos were analysed manually to count the traffic volume into three different categories (i.e. motorcycles, cars and trucks) since buses were found to be negligible. During the measurement period, meteorological data (i.e. temperature, relative humidity, wind speed and direction) was Detailed summary of meteorological conditions during the experimental campaigns is provided in Table 3 . 
Data acquisition
For the quality assurance, the DMS50 was calibrated by the manufacturer in January 2013 and was within the one year calibration period during the measurements. The DMS50 was cleaned manually from the inside and tested in the laboratory before each sampling day for proper operation and data collection. Air samples were collected at 1 s sampling rate (i.e.
average of 10 samples) in order to improve the signal-to-noise ratio for attaining high quality data (Kumar et al., 2009) . Sequential measurements for 20 s are taken at each sampling point by auto-redirecting the sampling flow between four sampling locations (L 1 -L 4 ). One full cycle of measurements, covering all the four points (L 1 -L 4 ), took a total of 80 s. Therefore, one hour of monitoring completed 45 full cycles and 900 s of sampling was done at each of the sampling locations during each hour. The system is designed in such a way that the lag time between the switching is modest since the sample air is sucked at all times from all the four sampling locations, but this only channelize the sample air from one of the locations to the instrument. For avoiding any switching artefacts and maintaining the quality control, only 16 s of data after discarding the first 2 s and the last 2 s of measurement data from each sampling location during every cycle were used for analysis. Further details of the sampling dates and times can be seen in Table 3 . Estimations based on the instrument flow rate (6.5 slpm) and the dimension of the tube (length 3.5 m, and internal diameter 0.005m) gives a lag time of about 0.6 s between the inlets of the sampling tube and the DMS50. The lag time is trivial given that we have already disregarded ~4 s of data from the measurements taken at each location during every cycle. DMS50 and switching system were operated by three 12 V leisure batteries, which were charged in the laboratory before each sampling day.
As seen in Figure 1 In order to study the influence of wind directions, which is important to understand whether the wind flow is across or along the vegetation barrier and the corresponding advection (i.e. the transport of particles by wind), the total data collected over the sampling duration were divided into the three available wind conditions (see Figure 1 ). There were no prevailing winds observed from SE-SW during the study period and therefore are not mentioned hereafter in the discussions. These included: (i) NW-SW, which represent the wind blowing from the A3 road towards the sampling location after passing through the road and vegetation barrier (hereafter referred as cross-road winds), (ii) NE-SE, which represents the wind blowing from the sampling location towards the A3 road after passing through the footpath and then the vegetation barrier (cross-footpath winds), and (iii) NW-NE, which represents the wind blowing parallel to the A3 road (along-road winds).
Visual Basic code was developed in the Microsoft Office Excel to sort the size resolved PNC and PND data at each of the four locations. These data were then analysed by Microsoft Cite this article as: Al-Dabbous, A.N., Office Excel with the use of a DMS50 data processing tool. A total of more than 37,300 valid samples of size resolved particle number and size distributions were recorded intermittently (see Table 3 ). The reason for choosing these intermittent short measurement periods were the lack of secured place and power supply for unattended continuous operation.
Particles losses in the sampling tube
Losses of particles in long sampling tube due to their diffusion is an important issue, particularly for particles less than 20 nm, and should be taken into consideration for sampling tubes greater than one meter (Kumar et al., 2008c) . In order to maintain the similar effect on the measured size distributions, identical length (i.e. 3.5 m) of conductive sampling tubes, made of silicone, were used to collect samples from all the four sampling locations. The particle losses in sampling tubes is likely to affect the absolute values of measured concentrations, either by underestimating them or overestimating the geometric mean diameter, GMD (Carpentieri and Kumar, 2011) . The GMD provides typical average diameter of size distributions. Relative changes in GMD help in assessing the influence of transformation process (e.g. nucleation, coagulation) and deposition on tree leaves (see Section 3.2.1). Therefore, we corrected our measured data for particles losses in the sampling tube following the approach described in Kumar et al. (2008c) . A comparison between the measured and corrected PNCs is tabulated in SI Table S1 to demonstrate the differences due to particle losses. Corrected values of particle number and size distributions are used in our subsequent analysis.
Estimation of particle respiratory deposited doses in human respiratory tract
Inhaled particle deposition depend on the following key physiological factors: the tidal volume (V T ), and the breathing frequency (ƒ) (Hofmann, 2011) . The product of these two factors (V T ×ƒ) gives the minute ventilation (VE), which depends on the physical activity (Hofmann, 2011; ICRP, 1994) . The inhaled amount of particles was computed by multiplying the concentration (i.e. total PNC) with the VE. Finally, the fraction of the inhaled particles, which is estimated to remain in the human respiratory tract for every minute (i.e. respiratory deposited dose, RDD), was calculated by multiplying the inhaled amount with the corresponding deposition fraction (DF). The same approach was used by other recent exposure assessment studies (Int Panis et al., 2010; Joodatnia et al., 2013a) . (Hinds, 1999) .
The DF can be taken as a fixed value based on the GMD of the total PNCs, or based on the detailed particle size distributions (Joodatnia et al., 2013a) . Here, we have used both the fixed and size-dependent DF for calculating the RDD during different wind directions (see SI Section S1). Fixed values of DFs were calculated for each sampling location, based on the associated GMD of the measured PNDs during each wind direction, as shown in Table S2 . 
RESULTS AND DISCUSSION
For investigating the behaviour of particles in different size ranges, the PNC data are divided into four size ranges: 5-30 nm (N 5-30 ; nucleation mode), 30-100 nm (N 30-100 ; Aitken mode), 100-300 nm (N 100-300 ; accumulation mode) and 300-560 nm (N 300-560 ; coarse mode).
The measured data has been discussed into two segments. Discussions are firstly made on the characteristics of nanoparticles close to the road by selecting the sampling location adjacent to the roadside with (L 2 ) and without (L 1 ) the vegetation barrier. The remaining sampling locations (L 2 -L 4 ) are then chosen to analyse the particle removal by the vegetation barrier.
The background PNCs were measured at an open grassy field at the side of the University of Surrey's campus. The field was ~300 m away on the east side of the sampling site and the measured background PNCs were noted as 1.31±0.57 ×10 4 cm -3 (see Table S3 for details).
Characteristics of nanoparticles close to the road

PNDs close to the road
In order to assess the PNDs close to the road, location L 1 is selected for discussion.
Irrespective of wind direction, PNDs showed consistent high peaks in nucleation mode range but their magnitude changed for different directions (see Figure 2) . For all the wind directions, the highest peak was observed at 5.6 nm, followed by 10 nm and a varying peak between 55 and 75 nm. The PND peaks at 5.6 and 10 nm were highest during the along-road winds (Figure 2c) , presumably due to the sweeping of on-road emissions towards the sampling location by the wake of vehicles (Carpentieri and Kumar, 2011) . The second highest peaks corresponding to 5.6 and 10 nm were observed during the cross-road winds (Figure 2a ) -these may have arisen due to the transport of vehicle emissions by the wind towards the sampling location (L 1 ). The lowest values of the peak PNDs were observed at 5.6 and 10 nm during the cross-footpath winds. These were expected due to the fact that winds were likely to carry the particles away from the sampling location. The third peak was noticed to be variable, which changed between 55 and 75 nm, during the three wind directions. These peaks were observed at ~55, 65 and 75 nm diameter during the crossfootpath, along-road and cross-road winds, respectively. Given that the particles in the accumulation mode do not behave in a similar manner to those in nucleation mode under identical wind conditions and a much better correlation of them with the wind speed is observed by previous field studies (e.g., Kumar et al., 2008a) , these variations could be attributed to the differences in extent of advection experienced by the sampling location during the three wind directions (see Section 3.2.1).
Cite this article as: Al-Dabbous, A.N., somewhat similar to what we estimated in our study (see Table 2 ). The appearance of two fresh nucleation mode peaks at 5.6 and 10 nm in the present study, compared with 12.6 nm in Zhu et al. (2002b) , can be related to the distance of the sampling locations from the road. Our measurement location was very close (~0.30 m) to the road, compared with ~30 m in the study of Zhu et al. (2002b) , allowing us to measure much fresher nucleation mode particles. Table 4 shows the total, maximum and minimum PNCs and the GMD observed at the sampling locations L 1 -L 4 during the three prevalent wind conditions. For the purpose of assessing the PNC close to the roadside, we have picked up the location L 1 for discussions that has no vegetation barrier on its back-side (see Figure 1) . For this reason, particles were passed freely without the vegetation obstruction through the inlet of the DMS50 in high concentrations. The standard deviations for the total PNCs were also found to be large because of varying traffic flow and volume (Table 4 ).
Total PNCs and their fraction in various size ranges close to the road
The sampling location L 1 is close to the edge of the road and is considered to be within the wake region of the passing road vehicles (Carpentieri and Kumar, 2011) . The prevailing mechanism for mixing and dilution of the PNCs is mainly due to the two types of turbulences -traffic-produced (TPT) and wind-produced (WPT) -and the advection effects brought by the resulting wind speed (i.e. net sum of wind and wake speed from the traffic) during the three wind directions. Given the fact that the measurements were in the close proximity to the road and traffic speed on highways is expected to be much higher than the wind speed, the TPT is likely to play a dominant role in influencing the measurements close to the roadsides (Kumar et al., 2008a; Venkatram et al., 2007) . The effect of TPT is believed to be minimal during cross-footpath winds compared to cross-road and along-road winds, as the wind is likely to shift the vehicle wake away from the sampling location. The effects of the WPT and TPT are likely to have added effects on sampling locations during cross-road and along-road winds as opposed to cross-footpath winds. The net effect of turbulence and the resulting wind speed at each sampling location can therefore explain the concentration differences obtained during the three wind directions. Among the three wind directions studied, the total PNCs were found to be the highest for along-road winds (1.94±0.25 ×10 5 cm -3 ), followed by the cross-road (1.78±1.64 ×10 5 cm -3
) and cross-footpath (6.17±2.58 ×10 4 cm -3 ) winds. During the cross-footpath winds, the wind carries the nanoparticles away from the sampling location, resulting into the lowest PNCs. On the contrary, during the cross-road and along-road winds, Our PNC values along the roadside for all the wind directions are up to 4-times higher than those reported by Morawska et al. (2008 Summary of the results of all these studies is presented in Table 5 . As an example, Agus et al. (2007) measured the PNCs at a distance of 0.30 m from the edge of Narborough road in Leicester (UK). Their traffic-normalised PNCs were found to be ~2.2-times higher than those measured in our study. The reason for these differences could be attributed to the differences in meteorological conditions and the architectural layout of roughness elements around the site. For instance, Narborough road is aligned by buildings in both sides reflecting a canyon- from the road using their PNC decay profiles (see Table 5 ). The comparison suggest that the normalised PNCs in the present study is ~1.5-fold higher than those reported by Zhu et al. (2002a) . On the other hand, our traffic-normalised PNCs were 3.6-fold lower than those reported by Fujitani et al. (2012) . The wind speed were lower (~1 m s -1 ) in the field campaigns of Fujitani et al. (2012) than those measured during our study (2.57 m s -1 ). The larger PNC are expected during the low wind speeds due to their limited dispersion (Kumar et al., 2008a) . Their higher PNCs can presumably be due to the lower ambient temperature in their study -6.6 o C compared with our 16 o C -as the low temperature tend to favour formation of nucleation mode particles and thereby increasing the total PNCs (Kittelson et al., 2001) .
At sampling locations L 1 , N 5-30 dominates the total PNCs which were found as ~57%, 82%
and 86% during cross-road, cross-footpath and along-road winds, respectively. During crossroad winds, N and N 100-300 were ~31% and 12% of the total PNCs, respectively. N and N 100-300 contributed only ~14%, 4% and 11%, 3% of the total PNCs during cross-footpath and along-road winds, respectively. Thus, negligible PNCs were observed for particles greater than 300 nm. The ultrafine particles dominate the total PNCs during all the wind directions; 88, 96 and 97% for cross-road, cross-footpath and along-road winds, respectively. 
PNCs along the roadside at locations with and without the vegetation barrier
In order to evaluate the effect of vegetation barrier on the roadside PNCs, the PNC at sampling locations L 1 and L 2 are selected for comparison purposes. As expected, the total PNCs were 11% higher at L 2 during cross-road winds compared with those at L 1 , mainly due to the presence of vegetation barrier which impeded the particles movement at sampling location L 2 and resulted in their accumulation. These observations clearly suggest that the hindrance brought by the vegetation barrier helps in reducing the PNC level to reach to the footpath. Under the other wind directions where vegetation barrier is playing no role, the total PNCs at L 2 were somewhat similar to L 1 , with only 0.25-1.50% difference, due to near identical dispersion conditions experienced by both locations. Discussions on how much particles were removed by the vegetation barrier are presented in Section 3.2. and L 4 ) during the observed wind directions. The PND remains consistent in their shape for all the cases, but show a general decay pattern with increasing distance from the edge of the road. The rate of this decrease was, however, found to vary during the three wind directions (see Section 3.2.2). The following discussions aim to highlight the influence of vegetation barrier on the PNDs. Therefore the sampling locations L 2 , L 3 and L 4 are included for further analysis since these were at the front, middle and back of the vegetation barrier (see Figure   1 ). Similar to L 1 , the PNDs during all the wind directions displayed four peaks at ~5.6, 10, 27 and 55-75 nm. Among all, the largest fresh nucleation mode peak occurred at ~5.6 nm, which has average PND values of 3.28×10 5 cm -3 , 1.43×10 5 cm -3 and 6.00×10 5 cm -3 during crossroad, cross-footpath and along-road winds, respectively. This peak is followed by a slightly smaller peak at ~10 nm with PND values of 2.01×10 5 cm -3 for cross-road winds, 1.06×10 5 cm -3 for cross-footpath winds, and 3.01×10 5 cm -3 for along-road winds. Because of the close proximity of the sampling location to the road (and hence the emissions sources), both the major peaks at 5.6 and 10 nm are due to the newly formed nucleation mode particles that are originated by the gas-to-particle conversion process (Kulmala et al., 2004; Kumar et al., 2010) . The less conspicuous peak at 27 nm reflects the Aitken mode particles, but their presence was modest compared with nucleation and accumulation mode particles (Table 4 ).
The latter mode was reflected by above-55 nm peaks at 75 nm (with PND value of 1.65×10 5 cm -3 ), 55 nm (1.42×10 4 cm -3 ) and 65 nm (4.27×10 5 cm -3 ) for cross-road, cross-footpath and along-road winds, respectively. The trend in the peak PND values followed the similar pattern that was observed at L 1 during the three wind direction and the likely reasons of these variations are explained in Section 3.1.1. The accumulation mode particles are generally believed to be formed in the combustion chamber (Kittelson et al., 2001) . Despite the fact that the nucleation mode particles have larger diffusivity that offer them better chances to deposit on the surfaces of vegetation barrier compared with accumulation mode particles (Hinds, 1999) , the consistency in the shape of PNDs and the corresponding GMDs at L 2 -L 4
indicate an identical removal effect of vegetation barrier for all size of particles (see Figures   2a-c and Table 4 ).
Influence of vegetation barrier on the PNCs
Cite this article as: Al-Dabbous, A.N., Irrespective of wind directions, the total PNCs at the sampling locations L 2 , L 3 and L 4 were found to decrease gradually with the increasing distance from the edge of the road through the vegetation barrier (see Figure 2) . L 2 had the highest PNCs due to its close proximity to the source (moving vehicles). The highest and lowest PNCs during the crossroad and cross-footpath winds were observed. This trend is expected due to the wind carrying the traffic emissions directly towards and away from the sampling location during the crossroad and cross-footpath winds, respectively.
The total PNCs at the L 3 and L 4 were found to be ~71 and 77% lesser, respectively, compared with the total PNCs at the L 2 (6.26±3.31 ×10 4 cm -3 ) during the cross-footpath winds. This was expected due to the transport of particles by the wind towards the road, away from the sampling location. Likewise, a reduction of ~55 and 70% at L 4 and L 3 , respectively, was observed during along-road winds compared with the PNCs at the L 2 . The resulting wind effect during the along-road winds, which is sum of the wind speed and the wake speed due to traffic, is expected to be the same at all these locations. Higher PNC at the sampling location close to the road and a decreasing pattern away from it is therefore expected.
The above-noted wind directions do not allow us to investigate the particle removal by the vegetation barrier. However, the data collected at L 2 , L 3 and L 4 during the cross-road winds are ideal for this purpose and is therefore considered for further discussion. The total PNCs at L 2 were measured as 1.99±1.77 ×10 5 cm -3 , which were reduced by 14 and 37% at L 3 and L 4 , respectively. Numerous field studies have reported substantial increase in traffic-induced pollution close to roads compared with 10's of metre away from the road (Karner et al., 2010 and references therein). The same applies to nanoparticles where studies have found sharp decrease in PNCs with the distance (Zhu et al., 2002a; Fujitani et al., 2012) . The presence of densely foliated vegetation barriers are expected to increase this decay further, leading to much lesser PNCs behind the vegetation barrier, due to enhanced turbulence and initial mixing (Bowker et al., 2007) and deposition of particles on tree leaves and bark (AdabtOakland, 2013) . Therefore, this decay in PNCs (L 2 -L 3 ) could possibly be due to the following reasons: (i) dilution due to the atmospheric (wind) and mechanical (traffic and vegetation barrier) turbulence, and (ii) dry deposition of particles on the branches and leaves of the vegetation barrier. The present study design, however, limits our ability to clearly distinguish the decay of PNCs due to dilution or deposition caused by vegetation barrier. Kumar et al., 2008a) . Some of this decrease at L 3 and L 4 is certainly due to the dilution as the turbulence levels are expected to decay with the perpendicular distances away from the road, so is the case with the PNCs, and the rest of the PNC losses can be attributed to the dry deposition. One would expect a greater removal of nucleation mode particles by the vegetation barrier compared with the larger sized particles due to their higher diffusivity (Hinds, 1999) , but the inspection of PND curves at L 2 -L 4 show negligible changes in their shape while moving through the vegetation barrier (see Figure 2 ).
In fact, the PNDs simply move up and down which does not provide conclusive evidence on the effectiveness of the vegetation barrier on removing the nucleation and accumulation mode particles separately. More systematic studies combining field measurements and numerical modelling are needed to study this aspect as well as accurately apportioning the contribution of the dilution and the dry deposition from the overall PNC losses.
The respiratory deposited doses
Following the methodology described in Section 2.4, the computed values of the RDD at different sampling locations during the observed wind directions are presented in Table S4 . Figure 3 presents a comprehensive summary of the RDD at all the sampling locations, including front (L 2 ), middle (L 3 ) and back (L 4 ) of the vegetation barrier, and with no vegetation (L 1 ) using size dependant DF. The overall differences in the RDD between both approaches (using fixed and size-dependent DF) were found to be insignificant (~3%) that is similar to reported elsewhere, i.e. ~1.7% by Joodatnia et al. (2013a) . The use of sizedependent DF for RDD calculation is however much more realistic in order to take into account the variations in the PNDs at the different sampling locations. The work of Joodatnia et al. (2013a) demonstrated that the use of fixed DF may underestimate the RDD in case of the majority of inhaled particles is in the nucleation size range. In what follows, the RDD using the size-dependent DF are discussed.
In order to assess the influence of the presence and absence of the vegetation barrier on the exposure, and hence the RDD, the particle number and size distributions measured before (at L 2 ) and after (at L 4 ) the vegetation barrier are chosen for discussion. The RDD vary Figure 3) . Although the lowest RDD at L 4 was found during the cross-footpath winds, but this was because of the influence of wind carrying the particles away from the L 4 rather than due to the presence of the vegetation barrier. This difference was expected due to the contribution of much larger fresh nucleation mode particles at L 4 during these wind directions (Section 3.1.2) and these particles show greatest respiratory deposition compared with their larger counterparts (ICRP, 1994; Kumar et al., 2014) .
SUMMARY AND CONCLUSIONS
Particle number and size distributions in the 5-560 nm size range were measured using a fast response instrument along a major road in Guildford (Surrey, UK).
Measurements were made at four different sampling locations, pseudo-simultaneously, with the help of a 4-way solenoid switching system that was attached to the DMS50 to cover the sampling locations before, middle and after the vegetation barrier, and also at a sampling point with clear opening (i.e. no vegetation). Data were categorised into three wind conditions (i.e. cross-road, cross-footpath and along-road winds) for assessing the effects of vegetation on the PNCs in various size ranges and respiratory deposited doses.
During all the studied wind directions, the PNDs displayed two dominating peaks at 5.6, 10 nm, and a varying peak in the 55-75 nm range. Comparison of the PNCs measured along the roadside at the sampling locations with (L 2 ) and without (L 1 ) the vegetation barrier during cross-road winds show accumulation of PNCs at L 2 due to the obstruction in free movement of particles by the vegetation barrier. Consequently the PNCs at L 2 were found to be ~11%
higher than those at L 1 (Figure 1 ). Such differences were insignificant during the crossfootpath and along-road winds. Our results also suggest that the presence of vegetation barrier reduced concentrations of nanoparticles during the cross-road winds -this reduction was found to be 14 and 37% in middle (L 3 ) and after (L 4 ) the vegetation barrier from the sampling location that was before the vegetation (L 2 ). During the cross-footpath and alongroad winds, the PNCs were also found to decrease notably at L 3 and L 4 compared with L 2 . However, this decrease is not attributable to the vegetation barrier, but to the advection of emissions away from the sampling location as well as their sweeping along the road during the cross-footpath and along-road winds, respectively.
The differences between the RDD values at L 2 and L 4 were highest during the cross-footpath winds (80%), followed by along-road (58%) and cross-road (36%) winds. The lowest RDD values were estimated for L 4 (2.67×10 8 min -1 ) during the cross-footpath winds, indicating a preferable wind direction for footpath users from the exposure point of view. These lower RDD were because of the favourable wind direction that resisted the free movement of fresh nucleation mode particles to the L 4 , but not due to the vegetation barrier. The reduction in the RDD due to the presence of the vegetation barrier can only be seen during cross-road winds.
The RDD were found to be reduced by ~36% at footpath sampling location after vegetation (L 4 ; 2.11×10 9 min -1 ) to those before the vegetation (L 2 ; 3.31×10 9 min -1
). These findings clearly suggest the mitigation potential of vegetation barriers in limiting the nanoparticle exposure to the near-road footpath dwellers.
There are some explainable limitations of this work. For example, health and security issues as well as practical constraints such as the access to power supply at the site only allowed us to make intermittent measurements during the day times. Whilst results of our measurements provide total reduction in PNCs due to the presence of the vegetation barrier, the design of the study limits our ability to provide definitive conclusions on the proportion of the nanoparticles removed by the vegetation and dilution during the transport of emissions through the barrier. Further studies involving diurnal measurements during the different seasons and on other configurations are encouraged in order to understand the seasonal behaviour and particle mitigation potential of a range of vegetation barriers. Nevertheless, use of an unconventional experimental setup in our study provided profound insight into the mitigation potential and dispersion behaviour of the nanoparticles in the presence of a vegetation barrier. Our findings could assist the urban planners to design appropriate mitigation measures for such nanoparticle-rich environments and the modelling community to facilitate the validation of theoretical models against our measured data.
5.
Figure S1: Location of the sampling site.
S1. ESTIMATION OF DEPOSITION FRACTIONS
For calculating the fixed and size-dependent deposited fraction (DF), the following simplified equations given by Hinds (1999) Using the above equations, the fixed and size-dependent DF is calculated which is respectively shown in Table S3 and Figure S2 . 
